1. Introduction
===============

In recent years, the contribution of lipids to virus replication has gained increasing attention. Lipids can be envisioned as 'multidimensional' entities. From structurally diverse single lipid molecules ([Fig. 1](#fig1){ref-type="fig"}A), they form larger molecular aggregates as bilayers in organelle membranes. Lipids are heterogeneously distributed throughout the cell and show predominant accumulation within certain subcellular locations. Within biological membranes, they further exhibit lateral heterogeneity through the formation of specialized microdomains and by establishing asymmetry across bilayers. The overall structural and topological diversity of lipids and their aggregates results in a wide range on specific protein--lipid interactions and electrostatic considerations, which translate to potentially numerous functional roles in the replication of enveloped viruses ([Table 1](#tbl1){ref-type="table"} ).Fig. 1(A) Overview of lipid classes discussed in this review: cholesterol (Chol), ceramide (Cer), sphingomyelin (SM), ganglioside GM3 (GM3), phosphatidylinositol-4,5-bis-phosphate (PI(4,5)P~2~), plasmalogen phosphatidylethanolamine (pPE), phosphatidylserine (PS) and cardiolipin (CL); (B) lipid-bilayer arrangement during virus budding: lipid species are coloured according to their head group as described in (A). Lipids are asymmetrically distributed in the plasma membrane and virus budding occurs at sites enriched in cholesterol, sphingolipids and phosphoinositides. Yellow arrows indicate the targeting of proteins to the plasma membrane through electrostatic interaction with phosphoinositides. This results in a pushing-force finally leading to virus budding. (C) Lipid distribution in the virus envelope: enrichment of sphingolipids and cholesterol in the lipid envelope bestows fluidity and stability to the virus. Such and other lipids have also an important role in virus entry.Table 1Summary of examples of virus--lipid interactions discussed in this review.StageLipid classMode of actionVirus examplesDocking/fusionPhosphatidylserinesPS addition causes a "glycosylation-specific enhancement" of virus entryHIV ([@bib32], [@bib31])Annexins are hijacked as co-receptors by PS expressed in the virus envelopeInfluenza virus ([@bib66]), HBV ([@bib60]), HCMV ([@bib124]), RSV^a^ ([@bib83]), HIV ([@bib26], [@bib80])Molecular mimicry of apoptotic bodies facilitates macropinocytosis/virus entryVACV ([@bib97])Sterols/Sterol EstersAssociation with apolipoproteins facilitates virus docking and subsequent entry stepsHCV ([@bib117], [@bib2], [@bib100])Virus surface glycoproteins and receptors are clustered in "lipid rafts"HCV ([@bib70], [@bib24]), HIV ([@bib138], [@bib137], [@bib109], [@bib116], [@bib16], [@bib108]), RSV^a^ ([@bib41]), influenza virus ([@bib142])SphingolipidsGlycan--glycan interactions between host and virus stabilize virus attachmentInfluenza virus ([@bib65], [@bib77], [@bib72])GalCer, GM3 and Gb3 serve as auxiliary receptors for virus entryHIV ([@bib38], [@bib131], [@bib55], [@bib67], [@bib82])GSLs aggregate viral receptors which have low endogenous cellular levelsEBOV, Marburg virus, VACV, HSV (reviewed in [@bib144])Gangliosides serve as main receptors for virus entrySeV ([@bib87], [@bib56], [@bib86], [@bib105], [@bib69]), NDV ([@bib39], [@bib40], [@bib153])  Replication/translationPhosphatidylserinesPS enriched in endosomal membranes is required by NSP1 for capping of viral mRNAsSFV ([@bib3])Sterols/sterol estersNef accessory protein enhances cholesterol biosynthesis and impairs ABCA1 dependent cholesterol effluxHIV ([@bib102])SphingolipidsEnhanced levels of cholesterol are required to support formation of "lipid-raft" structuresRSV^a^ ([@bib101])Increased activity of SphK1 promotes accumulation of transcriptional activator IE1HCMV ([@bib81])Fatty acidsGenome replication is stimulated by saturated or monounsaturated fatty acids. FAS is highly enriched in the supernatant of infected cellsHCV ([@bib141])  Assembly/buddingPhosphoinositidesGag binds specifically to PI(4,5)P~2~ causing a myristic switch in MA which increases membrane partitioning of GagHIV ([@bib164], [@bib110], [@bib44])SterolsIt is also possible that PI(4,5)P~2~ interactions with cellular proteins contribute to membrane curvature during virus assembly and buddingHIV ([@bib28])Surface exposed polybasic domains of similar matrix proteins also use phosphoinositides or other anionic phospholipids for "lipid-raft" targeting/induction of membrane curvatureInfluenza virus ([@bib127], [@bib146]), EBOV ([@bib148]), VSV ([@bib48]), RSV^a^ ([@bib101])Virus assembly occurs on lipid dropletsHCV ([@bib99])SphingolipidsNef contains cholesterol binding sequence in its C terminus which allows transport to and association with lipid raftsHIV ([@bib163])Cholesterol depletion enhances virus buddingInfluenza virus ([@bib12])Cholesterol depletion inhibits virus productionHIV ([@bib112], [@bib113])"Lipid-raft" dependent viruses do not co-localize on the plasma membraneHIV, Influenza virus, EBOV ([@bib74], [@bib78])Fatty acidsSeveral viral proteins have myristoyl and palmitoyl covalent modifications for "lipid-raft" targetingHIV, Influenza virus, EBOV, Marburg virus, measles virus, NDV, RSV^a^ (reviewed in [@bib64], [@bib92])  ExtracellularSterols/sterol estersCholesterol depletion of virus envelopes leads to virus inactivation due to a loss of protein core and genome integrityHIV and SIV ([@bib51]), influenza virus ([@bib12], [@bib8])Lipid molecular geometryInverted-cone shaped lipids like lyso PC inhibits virus envelope fusion with target membrane while cone shaped lipids like pPE, DAG and ceramide may facilitate membrane dynamicsHIV ([@bib88], [@bib54], [@bib21], [@bib28]), TBEV ([@bib140]), influenza virus ([@bib53], [@bib29])

We will emphasize general principles of lipid involvement by using examples of well studied viruses as a foundation. Additionally, we will highlight unique cases of lipid function and address controversial concepts in virus budding. In doing so, we hope to stimulate new research efforts to elucidate new lipid functions in enveloped virus replication.

1.1. Virus entry
----------------

Enveloped viruses gain entry into their host cells via a two step process. First, the enveloped virus will engage with specific receptors on the cell surface through its fusion proteins in a process known as docking. Next, the interaction of the fusion protein with the receptor will cause a conformational change to the fusion protein which results in apposition and mixing of the viral envelope and cell membrane. This forms a membrane pore that facilitates delivery of virus content into the host cell. The involvement of lipids has been described separately in both processes and at times without a clear distinction between docking and fusion.

1.2. Glycosphingolipids as viral receptors
------------------------------------------

Cell associated glycosphingolipids (GSLs) have been widely investigated for their role as viral receptors. GSLs are ubiquitous constituents of mammalian plasma membranes, with diverse cellular roles including cell recognition, growth control, differentiation and tumorigenesis ([@bib145]). Structurally, GSLs contain a lipid group linked to a carbohydrate group via a glycosidic bond. The lipid group is typically made up of a ceramide molecule containing a sphingoid base that is derivatized on the 2-amino group with a fatty acyl chain. The attached carbohydrate group can take the form of uncharged sugars such as glucose, galactose and *N*-acetylglucoseamine (GlcNAc) or may contain ionized functional groups such as phosphate, sulfate or charged carbohydrate residues such as sialic acid (*N*-acetylneuraminic acid) in gangliosides. The high density of epitope rich GSLs on mammalian plasma membrane suggests that this class of lipids contribute to enveloped virus entry.Although it is known that the binding of cell surface glycans by influenza hemagglutinin controls viral attachment and infection of host cells, the precise involvement of GSLs have been difficult to resolve. Despite reports that influenza virus hemagglutinin (HA) can directly bind to GSLs ([@bib45], [@bib75], [@bib62]), there exists contradicting evidence that GSLs are non-essential for influenza virus infection ([@bib1], [@bib30], [@bib90]). The latter findings are supported by the finding that preferred receptors for influenza virus hemagglutinin are *N*-linked rather than *O*-linked glycoproteins ([@bib30]); GSLs are generally *O*-linked. Computer simulation of crystallographic data on hemagglutinin--ligand interactions suggests that influenza virus associated glycans contact the host glycans within 1--2 residues of the ligand binding site to stabilize virus binding ([@bib72]). While the virus associated glycans may be presented by glycoproteins, it is also possible that GSLs may be involved since early works showed enrichment of gangliosides in the influenza virus envelope ([@bib65], [@bib77]). Therefore, GSLs may function as attachment stabilizers rather than receptors per se in influenza virus entry mechanism.Some enveloped viruses are also able to harness GSLs as auxiliary receptors when their natural protein receptors are not presented. While it is well established that HIV infects CD4 expressing immune cells, there are clinical observations that HIV can also infect CD4 negative cells such as neuronal cells ([@bib58]) and colonic epithelial cells ([@bib38]). In these cells types, HIV appears to use GSLs as substitute receptors to gain entry. A binding site for galactosyl ceramide has been mapped to the HIV Env gp41 residues 650--685 thereby providing a structural basis for GSLs in HIV entry ([@bib5], [@bib160]). It is speculated that CD4 independent entry of HIV is mediated by the action of either a combination of CXCR4 and GalCer or solely by Gb3 in absence of CXCR4 from the host cell surface ([@bib152]). Additionally, HIV transcytosis from dendritic cells to T-cells is orchestrated by GalCer ([@bib82]) and it has been reported that downregulation of GalCer through interferon-γ is part of a protective immune response ([@bib157]).

Some members of the paramyxovirus family depend solely on host cell associated GSLs as receptors ([@bib153]). Newcastle disease virus (NDV) binds to a broad range of GSLs with sialic acid either attached to terminal sugars (GM3, GD1a and GT1b) or to internal sugars (GM2, GM1 and GD1b) ([@bib40], [@bib153]). It has been shown that modification of the GSL presentation on host cell surfaces by sialidase treatment clearly impaired NDV entry ([@bib9]). Moreover, gangliosides have been shown to cause conformational changes in the NDV surface protein known as HN, thus mediating virus fusion ([@bib39]). Importantly, one should note that other paramyxoviruses exhibit different ganglioside specificities as well. For example, Sendai virus interact with gangliosides having a terminally attached sialic acid such as GD1a, GT1b, and GQ1b, and also recognize neolacto-series gangliosides ([@bib87], [@bib86], [@bib56], [@bib105], [@bib69]).

1.3. Phosphatidylserine and its binding proteins are implicated in enveloped virus entry
----------------------------------------------------------------------------------------

Besides GSLs, phosphatidylserine (PS) has also been implicated in enhancing enveloped virus entry. When target cells bearing functional enveloped virus receptors are pre-treated with PS liposomes, cell surface PS level is increased and the specific enveloped virus infectivity is enhanced by up to 20-fold ([@bib31]). This effect is limited to enveloped viruses and does not occur through increases in virus receptor levels or virus binding, thereby indicating that virus fusion in enhanced. In some cases, cell specific glycosylation of viral receptors near the active virus binding site result in a block to functional receptor--virus interactions. However, with pre-treatment of PS liposomes, such blocks are relieved and the cells become permissible to retrovirus infection. This effect is referred to as "glycosylation-specific enhancement" by PS ([@bib32]).

Virus associated PS also appear to enhance enveloped virus entry. Lipid asymmetry exists in all resting mammalian cells. PS and phosphatidylethanolamine (PE) are lipids oriented towards the cytoplasm, while phosphatidylcholine (PC) and sphingomyelin (SM) are oriented towards the extracellular space. Virus infection of host cells can activate apoptosis which is accompanied by the externalization of PS to the outer leaflet of the plasma membrane ([@bib11]). This has been documented during HIV infection of macrophage cells. HIV virions produced from these cells are decorated with PS on the outer surface of their envelope ([@bib26]). In this system, incubation of PS-specific binding protein Annexin V or PS with purified HIV particles reduces its ability to infect macrophages but not T-cells. Later studies identified the macrophage PS-binding protein annexin II as the cellular cofactor supporting macrophage HIV-1 infection ([@bib80]).

Numerous facets of virus fusion may be enhanced by a large increase in plasma membrane or virus coat PS concentration, including lipid packing, alterations in bilayer curvature, changes in membrane fluidity and locally induced changes in the bilayer phase. However, the involvement of annexin II highlights a specific structural mechanism by which PS enhances virus fusion through interaction with the annexin protein family. After all, a number of enveloped viruses including influenza virus ([@bib66]), Hepatitis B virus ([@bib60]), human cytomegalovirus ([@bib124]) and respiratory synticial virus ([@bib83]) have been shown to use different annexins as co-receptors for entry. The hijacking of annexin as viral co-receptors may therefore represent a way for viruses to overcome host cell apoptosis and maximize infectivity of virus particles that are enriched with PS molecules on the outer virus coat.

Lastly, another interesting example of PS involvement during enveloped virus entry comes from a recent study of vaccinia virus ([@bib97]). As with other viruses, vaccinia virus infection leads to apoptosis and production of virus particles that present PS on the outer layer of their envelope. This virus appears to use externalized PS in macropinocytosis and apoptotic mimicry to infect host cells and these effects can be inhibited by incubating the virus with annexin ([@bib97]). Such a mechanism explains why vaccinia virus is able to infect many different cell types, because PS-mediated macropinocytosis of apoptotic material is common to most cells ([@bib59], [@bib4]). In addition, the virus may avoidimmune detection by mimicking apoptotic bodies since clearance of apoptotic debris suppresses the activation of innate immune responses ([@bib4]). However, the application of this mechanism to other viruses may be limited because it appears to work in favor of vaccinia virus and other enveloped pathogens of large sizes that are too big for regular endocytic mechanisms but are similar in size to apoptotic bodies ([@bib59]).

1.4. Cholesterol transport pathway is a facilitator of virus entry
------------------------------------------------------------------

The entry mechanism of hepatitis C virus offers another interesting example of molecular mimicry. It has been shown that infectious HCV particles in patient sera commonly associate with apolipoproteins and are of low density, i.e. very low density lipoprotein (VLDL)-HCV ([@bib147], [@bib2]). This is because high density HCV particles are degraded in the host cells, whereas only VLDL-HCV particles are successfully released from infected cells ([@bib47], [@bib46]). The VLDL-HCV association is important in engaging host cell lipoprotein receptors (e.g. human scavenger receptor B1 or LDL receptor) through an apolipoprotein mediated mechanism ([@bib2], [@bib10], [@bib100]). This, in turn, facilitates the CD81 dependent transport of HCV to tight junction proteins claudin-1 and occludin ([@bib18]) which finally leads to the uptake of HCV particles into host cells by endocytosis. In this way, HCV actually mimics the molecular identity of lipoprotein to hijack lipoprotein transport mechanism for its entry into its host. Furthermore, human scavenger receptor B1 has been additionally suggested to be a crucial mediator of HCV entry by regulating CD81 clustering into cholesterol-enriched plasma membrane microdomains ([@bib70], [@bib24]).

1.5. The importance of lipid microenvironment on virus protein receptors
------------------------------------------------------------------------

Both envelope and host membrane lipids may also play a role in facilitating fusion by stereospecific interaction with the viral fusion machinery partners. A recurring theme for such interactions lies in lipid-raft dependent clustering of receptors. Clustering of sufficient HA proteins into lipid rafts in the virus envelope is required to ensure efficient virus fusion of the next host ([@bib142]). Other enveloped viruses that display similar mechanisms of raft dependent clustering of fusion glycoproteins include retrovirus Env ([@bib16]) and RSV F protein ([@bib41]). The issue of lipid-raft dependent assembly and budding will be dealt with in later sections of this review.

In cells producing functional retroviral receptors, a direct association between the HIV receptor CD4 ([@bib138], [@bib116]), co-receptors CCR5 ([@bib109], [@bib108]) or CXCR4 ([@bib137]) with lipid rafts has been observed. While CD4 and CCR5 reside in different plasma membrane microenvironments of resting cells, binding of the third variable region V3-containing gp120 core to CD4 and CCR5 induces association between these receptors to form the HIV entry complex. An important requirement in this reaction is the presence of plasma membrane cholesterol since its removal abolishes gp120 core-induced association between CD4 and CCR5. GSLs also play a significant role here. Several studies identified GalCer ([@bib38], [@bib131], [@bib82]), GM3 and Gb3 ([@bib55]) as major interaction partners during HIV entry ([@bib67]).During the CD4 dependent infection pathway, GM3 and Gb3 come into play only after binding to co-receptors CXCR4/CCR5 ([@bib106]). On the one hand, when GSLs are expressed in excess in certain cell lines, they become a barrier to prevent HIV receptor clustering, thus blocking subsequent events necessary for the formation of a functional fusion pore and infection ([@bib122]). On the other hand, when cells express low endogenous levels of viral receptors, cell surface GSLs are known to be involved in promoting receptor aggregation which is required for the formation of the HIV entry complex ([@bib123]). Numerous other viruses, including Ebola and Marburg viruses, vaccinia virus and herpes simplex virus, has been reported to use similar strategies for co-receptor clustering (reviewed in [@bib144]).

1.6. Intracellular expression and replication of viral genomes
--------------------------------------------------------------

The next step in productive infection lies in the expression and replication of viral genomes. It will be clear from numerous studies presented below that successful enveloped virus replication entails extensive manipulation of host cell membranes and lipid metabolism.

1.7. Intracellular membrane structures are modified for virus replication
-------------------------------------------------------------------------

Positive strand (+) RNA viruses are well known to replicate in the cytoplasm of the host cell in association with cytoplasmic membranes. Since (+) RNA genomes have the same polarity as cellular mRNA, translation of the genome is initiated by the host cell translation machinery into one or multiple viral polyproteins, which are co- and post-translationally processed by viral and host cell proteases. The accumulation of viral-RNA-dependent RNA polymerase (RdRp), various accessory non-structural proteins, viral-RNA and host cell factors induces the deformation of various cellular organelles to create replication complexes (RCs).

For a majority of (+) viruses, including dengue virus (DENV) and severe acute respiratory syndrome (SARS) virus, the endoplasmic reticulum (ER) appears to be the common origin for membrane modification ([@bib98]). In the case of HCV, it appears that ER derived membranes are rearranged around lipid droplets ([@bib99]). Exceptions include the Semliki Forest Virus and Flock house virus (FHV) which appear to use endosomes/lysosomes and mitochondria membranes respectively to derive their RCs.

There are numerous unanswered questions with regards to the biogenesis and functions of virus-induced membrane alterations. A number of viral and cellular protein factors involved in the formation of RCs have been described. Virtually nothing is known however about specific membrane types and lipid requirements which help regulating the process. As mentioned above, lipids are heterogeneously distributed in different cellular organelles. Thus the association of different (+) RNA viruses with specific cellular organelles would allow speculation that membrane lipid composition may influence virus replication. For instance, SFV non-structural protein (NSP1), the capping enzyme of viral mRNAs, requires association with anionic membrane phospholipids, particularly PS which are enriched in endosomal membranes, for activation ([@bib3]). Similarly, it was shown that FHV protein A, the essential viral protein necessary for RC assembly in FHV, associates efficiently with anionic phospholipids, and in particular the mitochondrial-specific anionic phospholipid cardiolipin thereby providing a structural basis for mitochondria targeting ([@bib139]). The stimulation of HCV genome replication by exogenously added saturated or monounsaturated fatty acids ([@bib71]) may also be linked to the enhanced formation for lipid droplet formation seen in HCV infected cells ([@bib99]).

1.8. Virus infection impacts host lipid metabolism
--------------------------------------------------

Modification of host lipid metabolism by HIV infection has been very well investigated. In fact, an increased risk of arthrosclerosis and coronary artery disease due to dyslipidemia is a recognized clinical problem in HIV-infected patients ([@bib37], [@bib36]) as is the appearance of antibodies against GM2 ([@bib155]), GM3 ([@bib52]), and PS ([@bib134]). At the cellular level, it was found that changes in cellular morphology including the appearance of lipid bodies in macrophages, led to the formation of foam cells common in arthrosclerosis ([@bib102]). Gene expression analysis of both HIV-infected cells indicated that numerous genes involved in cholesterol metabolism and trafficking are altered by infection ([@bib49]). Interestingly, it was found that expressing the HIV Nef accessory protein alone is able to simultaneously increase cholesterol biosynthesis and impair ATP-binding cassette transporter A1 (ABCA1)-dependent cholesterol efflux from human macrophages ([@bib102]). Furthermore, Nef contains a cholesterol binding sequence in its C terminus which leads to re-distribution of cholesterol and progeny viruses to promote infectious HIV particle formation ([@bib163]).

Other members of the retrovirus family, including MLV ([@bib15]) and SIV ([@bib85]), also appear to increase cholesterol loading in infected cells either through enhanced biosynthesis or uptake from extracellular or dietary sources. More recently, it was reported that various genes involved in cholesterol biosynthesis were also up-regulated in paramyxovirus RSV infected cell ([@bib101]). A common feature appears to be an association with lipid rafts during assembly and budding of these viruses. Curiously, influenza virus, which also buds from lipid rafts does not show similar manipulation of the cholesterol biosynthetic pathway. Instead, only cases of acute influenza infection with febrile convulsion would result in the enhancement of APOL1 and ABCD2 which are associated with cholesterol levels and fatty acid metabolism respectively ([@bib73]).

However, the most severe case of virus-induced lipogenesis occurs during HCV infection. Pathologically, this results in liver steatosis which is the process of abnormal retention of lipids in the liver. Gene expression analysis of liver derived cRNA from HCV infected chimpanzees reveal many changes in genes associated with lipid metabolism ([@bib141]). Some genes such as peroxisome proliferator activated receptor α (PPAR-α), flotillin 2 and hepatic lipase C are repressed while UDP-glucose ceramide glucosyltransferase (UGCG), serum response element binding protein (SREBP), lipase A and fatty acid synthase (FAS) are expressed at higher levels. More recently, proteomic analysis of HCV infected cell culture supernatant revealed highly enriched fractions of FAS and apolipoprotein E ([@bib158]). These metabolic alteration would likely support the formation of lipid droplets that are for HCV budding.

Interesting studies have also been carried out on human cytomegalovirus (HCMV) infected cells. HCMV appears to increase metabolic flux of citrate through the tricarboxylic acid cycle and its efflux to the fatty acid biosynthesis pathway as malonyl-CoA ([@bib103]). This mirrors a similar need for lipogenesis as in HCV infections. On a separate note, HCMV infection also appears to stimulate sphingolipid biosynthesis in infected host cells during early stage of infection ([@bib81]). Specifically, HCMV causes an accumulation of sphingosine kinase 1 (SphK1) and increased activity of SphK1, resulting in the increase in dihydrosphingosine-1-phosphate. More importantly, SphK1 activity promotes the accumulation of the HCMV transcriptional transactivator IE1. In addition, there is also enhancement of de novo sphingolipid synthesis that increases dihydrosphingosine and ceramide levels in the infected host cell although the consequences of these effects are still unknown.

1.9. Virus assembly
-------------------

Viral assembly and budding represents the last stage of the journey through the host cell. At this stage, newly synthesized virus genomes and its protein products are targeted to membrane assembly sites where final budding also takes place. Depending on the virus, these sites can occur at various intracellular organelles such as nuclear envelopes (e.g. herpes simplex virus), ER (e.g. dengue virus), Golgi (e.g. cytomegalovirus) or lipid droplets (e.g. hepatitis C virus) as well as distinct microdomains in the plasma membrane (e.g. human immunodeficiency virus, influenza A virus and respiratory syncitial virus).

1.10. Role of plasma membrane microdomains during virus budding
---------------------------------------------------------------

A widely discussed concept stems from the idea that enveloped viruses are targeted to and bud from specialized plasma membrane microdomains ([Fig. 1](#fig1){ref-type="fig"}B). The synergistic and partially lipid-driven packaging of cholesterol, sphingolipids and saturated glycerophospholipids into membrane microdomains accounts for the unique biophysical characteristics of this liquid-ordered (lo) state ([@bib135], [@bib57]). Certain proteins with a high affinity for lipid rafts are also selectively incorporated into lipid rafts. The molecular signal for lipid-raft affinity of peripheral and transmembrane proteins is based on covalent modifications with myristoyl and palmitoyl residues ([@bib20]). Most importantly, it is well known that viral proteins are myristoylated and/or palmitoylated ([@bib125], [@bib92]). For instance retrovirus Gag and Nef proteins are typically myristoylated ([@bib63], [@bib132], [@bib159], [@bib111], [@bib27]) while Env glycoproteins are palmitoylated ([@bib125]). Palmitoylation has also been observed in HA and M2 proteins of influenza virus ([@bib96], [@bib143], [@bib146]). Such observations are in line with studies showing that "lipid rafts" are hijacked during HIV ([@bib112], [@bib113], [@bib107]) and influenza virus ([@bib130], [@bib142], [@bib25]) assembly and budding. Other examples of lipid-raft dependent viruses include Ebola and Marburg viruses ([@bib14]), measles virus ([@bib84], [@bib154]), Newcastle disease virus ([@bib34], [@bib76]) and respiratory syncytial virus ([@bib89], [@bib101]).

The interpretation of some studies pertaining to raft-associated enveloped virus budding is inherently controversial. One common method of assigning lipid-raft association is through co-flotation of viral proteins with lipid-raft membranes and marker proteins in density gradients after cold detergent treatments ([@bib19]). This procedure is based on the idea that pre-existing lipid raft form insoluble detergent resistant membranes (DRM) when treated with low concentrations of a non-ionic detergent. However it is clear that the use of different detergents can alter membrane phase separation and lipid-raft composition ([@bib114]). Hence, neither presence nor absence of proteins in DRM fraction is sufficient to assign lipid-raft association ([@bib57]). A second common method is to disrupt lipid raft by cholesterol depletion from the plasma membrane using β-cyclodextrins ([@bib19]). However, cyclodextrin treatment may result in additional cholesterol-independent effects on membrane protein mobility that can negatively impact assembly and budding ([@bib133]). Nonetheless, there is equally compelling evidence for lipid-raft association from observations that (1) viral proteins are co-localized with raft markers by immunofluorescence microscopy ([@bib19]) and (2) purified virus particles are enriched in raft lipids including cholesterol, sphingomyelin and glycosphingolipids relative to bulk cellular lipid composition ([@bib7], [@bib149], [@bib130], [@bib21], [@bib28]).

The heterogeneity of cellular lipid rafts and its biological implications for enveloped virus assembly and budding is highly intriguing. For example, the depletion of cholesterol from the plasma membrane enhances influenza virus production ([@bib12]) as opposed to HIV production which is significantly inhibited ([@bib112], [@bib113]). Additionally, when influenza HA and HIV gag proteins are expressed in the same cells, they do not co-localize with each other on the plasma membrane ([@bib74]). Similarly, the Ebola virus glycoprotein (GP) and HIV envelope protein (Env) also do not co-localize with each other on the plasma membrane and that pseudotyped virus like particles (VLP) exclusively carried either only GP or Env despite their expression in the same producer cell ([@bib78]). Putting these findings into a common context, it is clear that these enveloped viruses (and likely others) use different types of plasma membrane lipid rafts for virus production and that these microdomains are distinct with regard to their lipid and protein composition.

1.11. Phosphoinositides target virus proteins to the assembly site
------------------------------------------------------------------

While lipid rafts provide an attractive description of how viral membranes are formed, the precise molecular interaction between viral protein and the membrane is less evident. An early clue to this issue was provided by the observation that MA domain of retroviral Gag directs the polypeptide precursor to the plasma membrane via a bipartite motif consisting of an N-terminal myristic acid that is covalently attached ([@bib22]) and a highly basic cluster of amino acid residues ([@bib161]). However, myristoylation modification alone cannot be solely responsible for Gag transport to the plasma membrane since not all myristoylated proteins are associated with the plasma membrane ([@bib125]). Moreover, non-myristoylated Gag from retroviruses like Rous sarcoma virus (RSV) and EIAV, are still targeted to the plasma membrane for assembly and budding ([@bib33]). Hence, the additional signal for plasma membrane binding must reside within the basic cluster of positively charged amino acid residues.

The cytosolic surface of the plasma membrane carries an appreciable negative charge due to the large proportion of negatively charged phospholipids ([Fig. 1](#fig1){ref-type="fig"}B). The most abundant of these phospholipids is the monovalent acidic phosphatidylserine (PS), which represents 10--20% of plasma membrane lipids ([@bib151]). In addition to PS, other negatively charged phospholipids appear to be enriched in the inner leaflet of the plasma membrane including phosphatidic acid (PA), phosphatidylinositol (PI) and their polyphosphorylated derivatives (collectively termed as phosphoinositides) such as phosphatidylinositol-4,5-bisphosphate (PI(4,5)P~2~) and phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P~3~). While PI(4,5)P~2~ and PI(3,4,5)P~3~ represent only a minor fraction of the plasma membrane lipids, they play multiple roles in diverse cellular functions ([@bib128]). Therefore, their concentration is tightly regulated enzymatically by a significant number of kinases and phosphatases ([@bib35]) and spatially by reversible phosphoinositide binding proteins such as MARCKS ([@bib93]).

The complementary charge state of Gag MA and inner plasma membrane surface intuitively suggests an electrostatic mechanism by which Gag interacts with the membrane. This early hypothesis was supported by liposome pull-down assays showing that Gag can be enriched by liposomes containing PS ([@bib164]). A link between phosphoinositides and retrovirus assembly was provided by the observation that inositol polyphosphate molecules are able to promote cell free assembly of virus like particles from recombinant HIV-1 Gag molecules ([@bib27]). In cell based systems, the depletion of plasma membrane PI(4,5)P~2~ inhibits HIV assembly and leads to accumulation of Gag at late endosomes and multi vesicular bodies ([@bib110]). The work of [@bib129] provided a structural framework for Gag and PI(4,5)P~2~ binding during HIV-1 assembly. Essentially, Gag binds specifically to PI(4,5)P~2~ through the hydrophobic cleft in Gag MA domain and the inositol headgroup and 2′ fatty acid chain of the lipid molecule. This interaction causes the MA myristic acid moiety to flip out from a sequestered to an exposed conformation thereby increasing Gag membrane partitioning.

An interesting feature of this myristic switch model is that it reconciles an apparent conflict with the lipid-raft model ([@bib44]). As mentioned above, lipid rafts are concentrated in saturated glycerophospholipids. Because the predominant form of PI(4,5)P~2~ in cells contains a saturated 1′ fatty acid side (C18:0) chain and a poly-unsaturated 2′ side chain (C20:4), PI(4,5)P~2~ may equilibrate between raft and non-raft domains in the membrane. During Gag binding, the 2′ side chain is extruded from the lipid bilayer and packed into MA, with myristic acid taking its place in the bilayer. Hence, the PI(4,5)P~2~--Gag complex is now anchored by the fully saturated 1′ fatty acid and myristic acid and will exhibit increased affinity for lipid rafts.

Importantly, the function of PI(4,5)P~2~ dependent membrane targeting is not confined to HIV but other retroviruses as well ([@bib104], [@bib28]). In addition, other families of enveloped viruses such as influenza virus ([@bib127], [@bib146]), Ebola virus ([@bib148]), VSV ([@bib48]) and RSV ([@bib101]) which expresses similar matrix proteins with surface exposed polybasic domains, may also use phosphoinositides or other anionic phospholipids in a similar mechanism for plasma membrane targeting.

Besides serving as a targeting signal for viral structural proteins, further roles for PI(4,5)P~2~ or other phosphoinositides isoforms remain a distinct possibility. PI(4,5)P~2~ is intimately involved in the inward and outward bending of plasma membrane. During endocytosis, BAR domain proteins bind to PI(4,5)P~2~ rich membranes to form inward invaginations ([@bib68], [@bib61]). Conversely, during the formation of filopodia, MIM and IRSp53, proteins which contain BAR-like domains, can lead to the formation of outward bending of PI(4,5)P~2~ rich membranes ([@bib91]). If PI(4,5)P~2~ lipids are highly enriched in viral envelopes, as is the case with retroviruses ([@bib28]), it is possible that the PI(4,5)P~2~ interaction with cellular protein may contribute to the induction of membrane curvature during virus assembly and budding.

2. Extracellular virus
======================

2.1. Lipid-bilayer functions as a protective shell for extracellular virus
--------------------------------------------------------------------------

Between leaving one host cell and infecting the next, an enveloped virus is exposed to an extremely hostile environment. The extracellular environment is full of degradative enzymes released from dead or leaky cells or deliberately secreted by immune cells as defense against infections. In addition, physical damage such as shearing by mechanical forces and chemical modification by ultraviolet light and extreme pH conditions are also possible. Thus, the most obvious and simplistic view of the lipid envelope is to provide a protective shell for the fragile nucleic acid an extracellular enveloped virus in order to ensure successful transmission. High levels of lipid ordering and membrane rigidity has been reported with HIV ([@bib6], [@bib7]) and a range of other retroviruses as well, including equine infectious anemia virus (EIAV), bovine leukemia virus (BLV), murine leukemia virus (MLV) and avian myelolastosis virus ([@bib136]). However, extracellular protection is perhaps most important for enveloped viruses that rely on air borne transmission such as the flu virus. More recent work showed that the flu virus envelope increases its equilibrium of lipid ordered to disordered phases at lower than physiological temperatures, which would lead to the increased survival of the virus at environmental temperatures ([@bib115]).

While enveloped viruses derive their lipid envelope from host membranes, they acquire a unique lipid composition that distinguishes them from the bulk lipid composition of host membranes ([Fig. 1](#fig1){ref-type="fig"}C). The lipid inventory of purified enveloped viruses including HIV ([@bib6], [@bib7], [@bib21], [@bib28]), HSV ([@bib149]), RSV ([@bib118], [@bib119]), VSV ([@bib95], [@bib150]) and Influenza Virus ([@bib130], [@bib17]) have been analyzed biochemically. The striking result from these analyses is that viral envelopes typically feature a high cholesterol/sphingomyelin to phospholipids ratio and also a propensity for highly saturated phospholipid lipid inventory, consistent with lipid microdomains. The structural basis for membrane rigidity and protection is thus three folds: (1) The sphingolipids interact laterally through van der Waals interactions and extensive hydrogen bonding between the sphingosine backbones and between the sugar head groups ([@bib121]). (2) The majority of sphingolipids and phospholipids have saturated, and therefore unlinked, acyl chains that allow tighter packing of laterally associated lipids and a higher gel--liquid phase transition temperature ([@bib120]). (3) The hydroxyl group of cholesterol hydrogen bonds with the ceramide group of sphingolipids, while its planar sterol ring interacts with the saturated acyl chain ([@bib156], [@bib121]). As a proof of concept, it has been shown that the removal of virion-associated cholesterol using β-cyclodextrin permeabilized the viral membrane of HIV, SIV and influenza virus and the enveloped viruses became inactivated due to a loss in their protein core and genome integrity ([@bib51], [@bib12], [@bib8]).

2.2. Lipids that mediate virus budding and entry
------------------------------------------------

An equally intuitive role of the virus envelope is to provide the medium by which the nascent retrovirus can form a protrusion at the assembly site before finally budding from the site through fission ([Fig. 1](#fig1){ref-type="fig"}B). This envelope composition must subsequently allow efficient fusion of the extracellular virus with the membrane of a new host cell. For both events to occur, both cell and virus associated membrane bilayers must generate membrane curvature through a coordinated sequence of events involving membrane proteins and lipids to provide the physical forces required to disrupt the original membrane bilayers ([@bib94], [@bib165]). In many enveloped viruses, fission occurs through interaction of the late domain of their matrix protein with the endosomal sorting complex required for transport (ESCRT) machinery, which is a collection of approximately 20 host proteins that mediate cargo protein sorting into the endosomal pathway under normal cellular function ([@bib25]). During fusion, a part of this energy is provided by the interaction of the viral fusion machinery with its partner receptor, e.g. HIV Env with CD4, Influenza hemagglutinin with cell sialic acid containing cell surface receptors and Dengue E-glycoprotein with DC-SIGN. A further aspect of dynamic membrane energy is provided by the presence of particular lipids that are capable of producing curvature spontaneously or through interaction with protein partners as discussed above with phosphoinositides during budding.

The underlying basis of lipids producing spontaneous curvature depends very much on its individual molecular geometry. Lipids that have conical and inverted-conical shapes promote negative and positive spontaneous curvature respectively. Conical lipids are characterized by a relatively small head group compared to its fatty acyl portion and are represented by PA, cholesterol, ceramide, diacylglycerol (DG) and phosphatidylethanolamine (PE). Inverted-conical lipids are characterized by a large head group compared to its fatty acyl portion and are represented mainly by lysolipids, i.e. lipids with a single fatty acyl chain. On the other hand, PS and phosphatidylcholine (PC) have relatively low spontaneous curvature because their large head group compensates for the double fatty acyl chains, giving these lipids a cylindrical shape. In theory, membrane in a state of dynamic flux should exhibit local accumulations of curvature forming lipids and a concomitant decrease in cylindrical lipids in membrane regions with a highly bent structure. This would lead to an energetically favorable state that allows membrane rupture and mixing needed to complete fission or fusion activities.

One would expect lipids to play a major role in directing membrane activity in viruses during budding and entry. Earlier studies showed that virus envelopes of VSV ([@bib43], [@bib42]), Rous sarcoma virus ([@bib118]), Newcastle disease virus ([@bib118]), Sendai virus ([@bib13]) and Influenza virus ([@bib126], [@bib23], [@bib162], [@bib17]) were enriched in overall PE content. Most importantly, recent lipidomics analysis of HIV particles found strong enrichment of plasmalogen PE (pPE) molecules ([@bib21], [@bib28]), a lipid class with strong fusogenic activity ([@bib50]), compared to total cellular levels. The loss of carbonyl oxygen and the presence of the vinyl ether double bond give pPE different physical properties when compared to their diacyl PE counterparts. For instance, pPE tends to form non-bilayer Hex II structures at or below 30 °C, while diacyl analogues form these structures at much higher temperatures ([@bib50], [@bib79]). Energetically, this would mean easier formation of the hemi-fusion stalk-like state so that budding and entry become less challenging for enveloped viruses. Consistent with this idea, it has been shown in both class I ([@bib53], [@bib88], [@bib54], [@bib29]) and class II ([@bib140]) viruses, the presence of inverted-cone shaped lipids in the target membrane severely inhibit the fusion mechanism while cone shaped lipids such as PE enhance it.

3. Conclusion
=============

Many of the enveloped viruses presented here are the cause of serious infectious diseases around the world. We have summarized reported evidence that these enveloped viruses are able to manipulate host cell lipid metabolism and membrane dynamics to support a wide range of replication strategies. A deeper understanding of these mechanisms may therefore contribute to the development of new therapeutics for the treatment of such diseases.
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